According to the "free radical theory" of aging, premature senescence induced by oxidative stress contributes to organismal aging. Polymerase I and transcript release factor (PTRF)/ cavin-1 is a structural protein component of caveolae, invaginations of the plasma membrane involved in signal transduction. We show that oxidative stress up-regulates PTRF/cavin-1 protein expression and promotes the interaction between PTRF/ cavin-1 and caveolin-1, another structural protein component of caveolae. Consistent with these data, the number of caveolae is dramatically increased in cells subjected to oxidative stress. We demonstrate that down-regulation of PTRF/cavin-1 by shRNA significantly inhibits oxidative stress-induced premature senescence. Mechanistically, we found that PTRF/cavin-1 expression is necessary for the oxidant-induced sequestration of Mdm2, a negative regulator of p53, into caveolar membranes, away from p53, and activation of the p53/p21
pathway.
Caveolae are 50 -100-nm flask-shaped invaginations of the plasma membrane involved in signal transduction, cellular metabolism, cholesterol homeostasis, endocytosis, and tumor suppression (1) (2) (3) .
Caveolin-1 was the first identified structural protein component of caveolae. It has been proposed that caveolin-1 participates in vesicular trafficking events and signal transduction processes (4) by acting as a scaffolding protein (5) to organize, concentrate, and functionally regulate signaling molecules within caveolar membranes (6 -8) . PTRF, 2 also known as cavin-1, was originally identified as a protein involved in the dissociation of transcription complexes in vitro (9, 10) . More recently, PTRF/cavin-1 was found to localize to caveolae and to be essential for caveolae formation (11) (12) (13) .
Most cells cannot divide indefinitely due to a process termed cellular senescence (14 -17) . Cellular senescence is a fundamental feature of somatic cells, with the exception of most tumor cells and certain stem cells. Growth arrest is a fundamental feature of senescent cells in addition to well defined biochemical alterations. These include cell cycle arrest, increased p53 activity, increased p21
Waf1/Cip1 and p16 protein expression, and hypophosphorylation of retinoblastoma protein (pRb) (14 -17) . In addition, senescent cells can be experimentally identified by their enlarged and flattened morphology, as well as positive staining for ␤-galactosidase activity at pH 6 (15) . Senescence can be accelerated by a number of stressful stimuli, such as oncogene activation, DNA damage, cytotoxic drugs, and oxidative stress (18 -20) . This type of senescence is referred to as stress-induced premature senescence (SIPS). SIPS is independent of telomere status but shares many molecular and functional features with replicative senescence. Because increased oxidative damage has been reported in aged animals and oxidants can induce premature senescence in cells, understanding the molecular mechanisms that regulate stress-induced premature senescence of eukaryotic cells is therefore fundamental for gaining insight into the aging process.
We found that PTRF/cavin-1 expression is required for activation of the p53/p21
Waf1/Cip1 pathway and induction of premature senescence induced by oxidative stress. Our data bring new insight into the molecular mechanisms that link oxidative stress to cellular senescence and aging.
EXPERIMENTAL PROCEDURES
Cell Culture and Oxidative Stress-WI-38 human diploid fibroblasts (from ATCC) were grown in minimum essential Eagle's medium supplemented with glutamine, antibiotics (penicillin and streptomycin), and 10% fetal bovine serum. NIH 3T3 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with glutamine, antibiotics (penicillin and streptomycin), and 10% donor bovine calf serum. Oxidative stress was induced by subcytotoxic levels of hydrogen peroxide (150 M for NIH 3T3 cells; 450 M for WI-38 cells) for 2 h. Cells were then recovered in normal medium for different periods of time (see "Results" for details).
RESULTS

Oxidative Stress up-regulates PTRF/Cavin-1 Expression-
We have previously shown that sublethal concentrations of hydrogen peroxide (H 2 O 2 ) induce premature senescence in cells (21) (22) (23) (24) . To begin to investigate the functional role of PTRF/cavin-1 in stress-induced premature senescence, we treated WI-38 human diploid fibroblasts with sublethal doses of H 2 O 2 for 2 h. The expression level of PTRF/cavin-1 was then evaluated by immunoblotting analysis at different time points after oxidative stress. We show in Fig. 1A that oxidative stress up-regulated PTRF/cavin-1 protein expression in a time-dependent manner. The up-regulation of PTRF/cavin-1 expression was dependent on the oxidative state of the cells, as shown by the inhibition of H 2 O 2 -mediated up-regulation of PTRF/ cavin-1 by the antioxidants quercetin and vitamin E (supplemental Fig. 1A ). Consistent with these data, sublethal hydrogen peroxide induced the up-regulation of PTRF/cavin-1 protein expression in mouse embryonic fibroblasts derived from wild type mice (supplemental Fig. 1B) .
Oxidative Stress Promotes the Interaction of PTRF/Cavin-1 with Caveolin-1 and the Formation of Caveolae-Because both PTRF/cavin-1 and caveolin-1 are structural protein components of caveolae (11-13), we then asked whether oxidative stress, in addition to up-regulating PTRF/cavin-1 protein expression, can modulate the interaction between PTRF/ cavin-1 and caveolin-1. Co-immunoprecipitation studies show that the interaction between PTRF/cavin-1 and caveolin-1 was significantly enhanced by oxidative stress in WI-38 cells (Fig.  1B) . UV-C radiation has been shown to promote the formation of reactive oxygen species and lead to a condition of oxidative stress. To independently corroborate our results, we subjected wild type mouse embryonic fibroblasts to UV-C radiation. We found that UV-C light up-regulated both PTRF/cavin-1 and caveolin-1 protein expression and promoted the interaction of PTRF/cavin-1 with caveolin-1 (supplemental Fig. 2A ). Because we have previously shown that oxidative stress up-regulates caveolin-1 protein expression (21, 25) and we show in Fig. 1 and supplemental Figs. 1 and 2 that oxidative stress up-regulated PTRF/cavin-1 expression and promoted the interaction between PTRF/cavin-1 and caveolin-1, we asked whether the number of caveolae is regulated by oxidative stress. WI-38 cells were subjected to oxidative stress, and the number of caveolae was quantified by electron microscopy analysis. We find that the number of caveolae in WI-38 cells was increased by ϳ5-fold by oxidative stress, as compared with untreated cells (Fig. 1 , C and D), suggesting that the oxidant-induced up-regulation of PTRF/cavin-1 and interaction of PTRF/cavin-1 with caveolin-1 promote the formation of caveolae.
PTRF/Cavin-1 Is Required for Oxidative Stress-induced Premature Senescence-Because caveolae regulate cellular signaling, the number of caveolae was up-regulated by oxidative stress (Fig. 1 , C and D) and a lack of PTRF/cavin-1 expression has been shown to prevent the formation of caveolae in both cellular and animal models (11-13), we asked whether PTRF/ cavin-1-dependent signaling was necessary for the ability of oxidative stress to induce premature senescence. To directly answer this question, the expression of endogenous PTRF/ cavin-1 in NIH 3T3 fibroblasts was down-regulated by ϳ90% using shRNA (supplemental Fig. 3 ). Cells were then subjected to oxidative stress, and the development of cellular senescence were used as control. In A, total PTRF/cavin-1 protein expression was determined by immunoblotting analysis using an antibody probe specific for PTRF/cavin-1. Immunoblotting with anti-␤-actin IgGs was performed to show equal loading. In B, cell lysates were immunoprecipitated using an antibody probe specific for caveolin-1, and immunoprecipitates (IP) were subjected to immunoblotting (WB) analysis with anti-PTRF/cavin-1 IgGs. Total expression of PTRF/cavin-1 and caveolin-1 (Cav-1) is shown in the lower panels. In C and D, caveolar structures were identified by electron microscopy (see arrows). Representative images are shown in C, and quantification of the number of caveolae is shown in D. Values in D represent means Ϯ S.E.; n ϭ 10; *, p Ͻ 0.001.
was evaluated by staining for senescence-associated ␤-galactosidase activity. We show in Fig. 2A that oxidative stress induced premature senescence in ϳ90% of 3T3 cells expressing scrambled shRNA. In contrast, SIPS was dramatically inhibited in cells expressing PTRF/cavin-1 shRNA (Fig. 2A) .
PTRF/Cavin-1 Mediates SIPS by Activating the p53/ p21
Waf1/Cip1 Pathway-Why does the down-regulation of PTRF/cavin-1 inhibit SIPS? Activation of p53 can initiate a program that induces cellular senescence, therefore preventing the propagation of cells carrying a potentially compromised genome (26, 27) . Interestingly, we found that PTRF/cavin-1 expression is required for activation of the p53 pathway following oxidative stress. We show in Fig. 2B that down-regulation of PTRF/cavin-1 by shRNA in NIH 3T3 cells prevented the oxidant-induced up-regulation of both p53 and its downstream target p21
Waf1/Cip1 . How is p53 activated by PTRF/cavin-1? Mdm2 is a well known negative regulator of p53. We demonstrate that PTRF/cavin-1 promoted the oxidant-induced FIGURE 2. Down-regulation of PTRF/cavin-1 expression inhibits oxidative stress-induced premature senescence, activation of the p53 pathway, and interaction between caveolin-1 and Mdm2. A mutant form of PTRF/cavin-1 that does not localize to caveolar membranes inhibits the activation of the p53 pathway and induction of premature senescence after oxidative stress. A-D, endogenous PTRF/cavin-1 expression was down-regulated by shRNA in NIH 3T3 fibroblasts. 3T3 cells expressing scrambled shRNA (CTL shRNA) were used as control. Cells were subjected to oxidative stress using sublethal concentrations of hydrogen peroxide (150 M) for 2 h. Cells were then recovered in complete medium for different periods of time: 7 days in A, 24 and 48 h in B, and 48 h in C and D. Untreated cells (ϪH 2 O 2 ) were used as control. In A, cells were subjected to the senescence-associated ␤-galactosidase (SA-␤-gal) activity assay. The number of positive cells per field was adjusted for total cell number. Values represent means Ϯ S.E. *, p Ͻ 0.001. In B, total cell lysates were subjected to immunoblotting analysis using antibody probes specific for PTRF/cavin-1, p53, and p21
Waf1/Cip1 . Immunoblotting with anti-␤-actin IgGs was performed to show equal loading. In C, cell lysates were immunoprecipitated using anti-Mdm2 IgGs, and immunoprecipitates (IP) were subjected to immunoblot (WB) analysis using antibody probes specific for caveolin-1 (Cav-1). Total expression of Mdm2, caveolin-1, PTRF/cavin-1, and p53 is shown in the lower panels. In D, cells were subjected to immunofluorescence analysis using antibody probes specific for Mdm2 (green) and caveolin-1 (red). Nuclei were detected by DAPI staining. E and F, WT PTRF/cavin-1-HA and a mutant form of PTRF/cavin-1 (⌬PTRF/cavin-1-HA), which lacks amino acids 155 to 185, were stably expressed in NIH 3T3 cells. Cells were treated with hydrogen peroxide (150 M) for 2 h and recovered in complete medium for 48 h. In E, caveolar membranes were isolated by sucrose density gradient centrifugation and subjected to Western blotting analysis with anti-HA and anti-caveolin-1 IgGs. C.M., caveolar membranes; N-C.M., non-caveolar membranes. In F, total expression of p21 Waf1/Cip1 in HA vector-, WT PTRF/cavin-1-HA-, and ⌬PTRF/cavin-1-HA-expressing 3T3 cells was determined by immunoblotting analysis using an antibody probe specific for p21
Waf1/Cip1 . Immunoblotting with anti-␤-actin IgGs was performed to show equal loading. Untreated cells were used as control. G, schematic diagram summarizing the molecular mechanism underlying the PTRF/cavin-1-mediated regulation of stress-induced premature senescence. ROS, reactive oxygen species.
sequestration of Mdm2 into caveolar membranes, as shown by the interaction of Mdm2 with caveolin-1 after oxidative stress only in 3T3 cells expressing PTRF/cavin-1 but not in 3T3 cells where PTRF/cavin-1 expression was down-regulated by shRNA (Fig. 2C) . Consistent with these results, oxidative stress promoted the translocation of Mdm2 from the nucleus to the plasma membrane, where Mdm2 co-localized with caveolin-1, in fibroblasts expressing scrambled shRNA. In contrast, Mdm2 failed to reach the plasma membrane in hydrogen peroxidetreated fibroblasts expressing PTRF/cavin-1 shRNA, which lack PTRF/cavin-1 expression (Fig. 2D and supplemental Fig.  4) . Moreover, Mdm2 interacted with PTRF/cavin-1 only after oxidative stress, but not under resting conditions (supplemental Fig. 5A ), and down-regulation of PTRF/cavin-1 expression inhibited the dissociation of Mdm2 from p53 induced by oxidative stress (supplemental Fig. 5B ). Using a deletion mutant approach, we identified a mutant form of PTRF/cavin-1 (⌬PTRF/cavin-1), lacking amino acids 155 to 185, that failed to localize to caveolar membranes (Fig. 2E ). Stable expression of ⌬PTRF/cavin-1 in fibroblasts inhibited the oxidative stress-induced activation of p53 (Fig. 2F ) and induction of premature senescence (supplemental Fig. 6 ). In support of these findings, only sublethal doses of UV-C light (10 J/m 2 ) that promoted the interaction between PTRF/cavin-1 and caveolin-1 (supplemental Fig. 2A ) induced premature senescence in wild type mouse embryonic fibroblasts (supplemental Fig. 2B) . Thus, the sequestration of Mdm2 into caveolar membranes after oxidative stress is PTRF/cavin-1-dependent and is necessary to dissociate p53 from Mdm2, an event that leads to activation of p53 and premature senescence.
Cigarette Smoke Promotes the Interaction between PTRF/ Cavin-1 and Caveolin-1 and Premature Senescence in Vivo-
Emerging data indicate that cellular senescence may contribute to the cigarette smoke-induced emphysematous phenotype (30 -32) , which is consistent with the notion that oxidants promote cellular senescence. We have previously shown that exposure of mice to cigarette smoke for 6 months was sufficient to up-regulate caveolin-1 expression and induce pulmonary emphysema (24) . To gain insights that are pathologically and clinically relevant, we assessed the effect of cigarette smoke exposure on the PTRF/cavin-1-caveolin-1 interaction and development of premature senescence in lung tissues in vivo. We found that exposure to cigarette smoke (supplemental Experimental Procedures) was sufficient to promote premature senescence (supplemental Fig. 7, A and B) , up-regulate the expression of endogenous PTRF/cavin-1, and promote the interaction between PTRF/cavin-1 and caveolin-1 (supplemental Fig. 7C ) in mouse lung tissues in vivo. Similarly, treatment of lung fibroblasts with cigarette smoke extracts up-regulated endogenous PTRF/cavin-1 expression and the PTRF/cavin-1-caveolin-1 interaction (supplemental Fig. 8A ). Mechanistically, we show that PTRF/cavin-1 expression is necessary for cigarette smoke-induced activation of the p53/p21
Waf1/Cip1 pathway. We found that cigarette smoke promoted the interaction between PTRF/cavin-1 and Mdm2 in lung tissue in vivo (supplemental Fig. 8B ) and that down-regulation of PTRF/cavin-1 expression by shRNA in lung fibroblasts was sufficient to prevent the cigarette smoke extract-induced interaction of Mdm2 with caveolin-1 and up-regulation of p21
Waf1/Cip1 (supplemental Fig. 8B ). Together, these data suggest that the PTRF/cavin-1-mediated activation of the p53/p21
Waf1/Cip1 /senescence pathway is more universal and occurs under conditions of oxidative stress associated to emphysema, an age-related disease of the lung.
DISCUSSION
Mdm2 is a p53-interacting protein that negatively regulates p53 by promoting p53 degradation by the proteasome and inhibiting p53 transcriptional activation. We demonstrate in this study that PTRF/cavin-1 is a novel regulator of p53. After oxidative stress, PTRF/cavin-1 expression is necessary for the translocation of Mdm2 from the nucleus to caveolar membranes, which results in reduced Mdm2-p53 interaction, and therefore, activation of p53. Interestingly, Mdm2 exits the nucleus after oxidative stress even in the absence of PTRF/ cavin-1 (Fig. 2D) , suggesting that the translocation of Mdm2 from the nucleus to the cytoplasm is PTRF/cavin-1-independent, whereas the sequestration of Mdm2 into caveolar membranes is PTRF/cavin-1-dependent. Why does Mdm2 fail to localize at the plasma membrane in the absence of PTRF/ cavin-1? We show in Fig. 1, C and D , that the number of caveolae at the plasma membrane is increased after oxidative stress. These data are consistent with a previous study showing an increased number of caveolae in old human diploid fibroblasts that underwent replicative senescence (33) . Because a lack of PTRF/cavin-1 has been shown to prevent the formation of caveolae, our data suggest that down-regulation of PTRF/ cavin-1 by shRNA prevents the oxidative stress-induced formation of caveolae, and therefore, the formation of the microdomains in which Mdm2 is sequestered away from its target p53. In support of this conclusion, our data demonstrate that downregulation of PTRF/cavin-1 prevents the oxidant-induced interaction between Mdm2 and caveolin-1 and dissociation between Mdm2 and p53. Moreover, a mutant form of PTRF/ cavin-1 lacking amino acids 155-185 (⌬PTRF/cavin-1), which failed to localize to caveolar membranes, acted in a dominant negative manner and prevented the localization of the essential caveola component caveolin-1 in caveolar fractions (Fig. 2E) , which, most likely, inhibited the oxidant-induced formation of caveolae. Interestingly, expression of ⌬PTRF/cavin-1 in cells prevented the oxidant-dependent activation of the p53 pathway and induction of premature senescence. These results are consistent with data showing that a mutation of human PTRF/ cavin-1 at amino acid 176, found in patients with generalized lipodystrophy and muscular dystrophy (34) , produces a protein that fails to localize at the plasma membrane and translocate MG53, a component of the membrane repair machinery, to the plasma membrane following membrane damage (35) . Thus, PTRF/cavin-1 is required for the formation of the plasma membrane microdomains, i.e. caveolae, where Mdm2 is sequestered, away from p53, to activate the p53 pathway following conditions of oxidative stress that lead to cellular senescence.
Cancer cells need to escape the barrier represented by cellular senescence to produce a clinically relevant tumor mass. Therefore, cellular senescence is considered a powerful tumor suppressor mechanism. However, senescent cells accumulate over time (15, 36, 37) , and they are believed to contribute to aging and age-related pathologies (38) . Thus, a delicate balance exists between the positive effects of cellular senescence on tumor suppression and the negative effects of cellular senescence on aging and age-related diseases. Activation of p53 is a key step in the development of premature senescence after oxidative stress. Consistent with an important role of PTRF/ cavin-1 in the oxidative stress-induced activation of p53, we show that in cells in which PTRF/cavin-1 expression was significantly down-regulated by shRNA, SIPS was compromised. Thus, PTRF/cavin-1 is a central mediator of premature senescence. We propose PTRF/cavin-1 as a signaling molecule whose function may control the fine balance between the positive and negative effects of cellular senescence. Further studies will help us understand how exactly this balance is regulated by PTRF/cavin-1 and whether PTRF/cavin-1-mediated therapeutic interventions can enhance tumor suppression without accelerating aging and age-related phenotypes or slow down the aging process without necessarily promoting tumor initiation and/or progression.
We have previously shown that mouse embryonic fibroblasts derived from caveolin-1 null mice, which do not express caveolin-1, are resistant against oxidative stress-induced premature senescence (22) and that caveolin-1 null mice are protected against cigarette smoke-induced pulmonary emphysema (24) . We show in supplemental Fig. 1B that a lack of caveolin-1 expression in caveolin-1 null mouse embryonic fibroblasts resulted in the loss of PTRF/cavin-1 expression, and in supplemental Fig. 9 , we show that down-regulation of caveolin-1 by siRNA in WI-38 cells resulted in the down-regulation of PTRF/ cavin-1 expression. Thus, expression of endogenous PTRF/ cavin-1 appears to be dependent on the expression of caveolin-1. Because we report here that PTRF/cavin-1 mediates oxidative stress-induced premature senescence, it is possible that the resistance against SIPS described in caveolin-1 null cells (22) and the lung phenotype of caveolin-1 null mice after exposure to oxidative stress contained in cigarette smoke (24) are not exclusively the consequence of a lack of caveolin-1 expression but also the secondary loss of PTRF/cavin-1.
In conclusion, our results indicate the existence of a novel signaling pathway that links free radicals to premature senescence: oxidative stress 3 increased PTRF/cavin-1 expression 3 increased interaction between PTRF/cavin-1 and caveolin-1 3 increased formation of caveolae 3 PTRF/ cavin-1-dependent sequestration of Mdm2 into caveolar membranes 3 activation of p53 3 up-regulation of p21
Waf1/Cip1 3 induction of cellular senescence (Fig. 2G) .
